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NATTIONATL. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE USE OF AREA SUCTION FOR THE PURPOSE OF IMPROVING
TRATLING-EDGE FIAP EFFECTIVENESS ON
A 35° SWEPTBACK WING

By Woodrow L. Cook, Curt A. Holzhauser,
and. Mark W, Kelly

SUMMARY

An investigetion was conducted to determine the effectiveness of
suction applied through a porous area at the leading edge of the flap,
on a 35° sweptback wing. Several chordwlse extente and positions of
area suction were tested for the suction flap deflected 550 and 700.

The effectiveness of the flap was determined in conjunction with three
types of leading—edge devices: (1) a leesding—edge slat, (2) a modified
leading edge incorporating ceamber and an Iincreased leading—edge redius,
and (3) a porous leading edge with area suction applied. Measurements
were made of the static longitudinal characteristics and, in some cases,
measurements were made of wing—surface pressure distributions., Measure—
ments were also made of the suction requirements for the application of
area suctlion on the flap alone and in conjunction with area suction
applied at the wing leading edge.

The results indicated that large increases in flsp 1ift increment
can be mede by epplylng suctlion with very small flow gquentities to an
area near the leading edge of & flap. It was determined that with area
suction the flap effectiveness predicted by inviscid theory could be
realized., It was determined that irrespective of angle of attack, the
flep 1ift increment could be maintained almost constant to the angle of
meximum 1ift of the wing. The wing maximum 1ift sppeared to be governed
by leading—edge separation in all cases, including those where leading—
edge—separation control devices were used., The maximum 1ift Increment
obtained by the use of area suction on the flap was not critical as to
location of the porous area, but the suction requirements to maintain
this flap 1lift did vary with the location of the porous aresa.

The results indicated that with the use of a partial-span extent
of leading-edge area suction from 0.45 semispan to 0.96 semispan,
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there was no indication of longitudinal Instability beyond maximum 1ift; ~
whereas for all the other conflgurations of leading edges tested longl—
tudinal instablility was indlceted at attitudes above that for meaximum
1ift,

An spproximate design procedure is discussed to demonstrate how
the results of tests of a suction flep on a 35° sweptback wing cen be
used to determine the suction—power requirements and the 1ift attelnable e
with suction flaps on wings having other sweepback,

INTRODUCTION

The trend of aircraft-wing design toward thinner sectioms, lower
aspect ratios, and more sweepback has necessitated a search for more
effective high-~lift devices for low-speed flight, The investigations
of references 1 through 5 have shown various means of delaying the
occurrence of alr—flow separstion and thus Iimproving the low—speed char—
acteristics of swept wings. The devices - leadling—edge slats, modified
leading edges incorporating camber and, an increased leading-edge radius, -
and leading-edge area suction — were all used for the purpose of delay— o
ing the occurrence of leading-edge alr—flow separation. The effect of _
these devices was to extend the linear portions of the 1lift and pitching— -
moment curves to higher 1lift and angles of attack, In many cases,
depending on the sweep and aspect retio, the angles of attack at which
these improvements 1ln 1ift were made are comnsideraebly higher than those
used by present—day alrcraft in landing, take—off, or maneuvering.

The investlgations of references 1, 2, and 4 through 7 show the
effect of single— or double-—slotted flaps in reducing the angle of
ettack for a given 1lift coefficient for swept wings of various aspect
ratios and taper ratios, The degree of effectiveness obtalned from
such flaps was considersbly less than hes been anticlpated to be neces—
sary 1n future wing designs, '

Several investigations have shown that flap effectiveness can be
increased, especially at high deflections, by application of a form of
boundary-layer control more effective than thet achleved by such common
designs as single— or double-slotted flaps. Two types of boundary-—layer
control, sucking or blowing air through slots at the forward edge of the
flap, as reported in references 8 through 12, showed this increased
effectiveness, The results of reference 1 indicated that much less
power is required to obtain boundary-—layer control at a wing leading
edge with suction through a porous erea than through a slot. It was .
reasoned thet similar gains could be realized in the case of boundary— ’
layer control at the forward edge of a flap.

Because of these possible gains, an investigation was conducted
on a 35° sweptback wing with area suction epplied through various

T
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chordwise extents and positions of porous surface on a partial-span
flap. Since it was anticipasted that meximum 1ift would be established
by leading-edge separation, the investigation also included the use of
the suction flap in comnbinstion with several wing leading-edge devlices;
(1) a2 leading—edge slat, (2) a2 modified leading edge having camber and
an increased leading—edge redius, and (3) partial and full-spen extents
of area suction &t the wing leading edge.

In anelyzing the data from the investigation of the 352 sweptback
wing, it sppeared that the results could be of immediate interest in the
design of flaps Tfor wings of other plan forms. In order to provide the
background for the design of flaps with area suctlon, the discussion has
been extended to cover qualitatively the physical phenomena involved.

In addition, the design procedure used to estimate the characteristics
and suction requirements for an example application is included iIn
Appendix A,

‘ The investigation was conducted in the Ames LO— by 80—foot wind
tunnel. The results of the tests are presented herein.

NOTATTON

b wing span, £t
c chord, measured parallel to the plane of symmetry, ft

- 2 Md/2 .
c mean aerodynamic chord, g f c=dy, £t
o

c £
¢ L7 section 1ift coefficient, L £ Pdx cos a — 1/c f(; Pdz sin o

[¢]

Cp drag coefficlent, %z%%

o}

C;, 1ift coefficient, it
55

Cm Dpitching-moment coefficient computed about the quarter—chord point
pitching moment
of the mean serodynamic chord,

q5e

C flow coefficient =2

Q ? TS

d chordwise extent of porous surfece, measured in chord plane, ft
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length of porous surface, measured along surface normal to leading
edge’ in. . . . - - - . P . . .

free—stream static pressure, Ib/sq ft

local-surface static pressure, 1b/sq £t

alrfoil pre=- sosfficient, P;fp . . -
o

Dy—D
average duct mressure coefficlent, -—&—2

(o]

pP_PO

plenum—chamber pressure coefficlent, a9

free-—stvresm dynamic pressure, 1b/sq ft

volume of ailr removed through porous surface, cu ft/sec,
based on standard density
UE
Reynolds number, ~

wing area, sq ft
thickness of porous material, 1n,

free—stream velocity, ft/sec

suction—alr wvelocity, ft/sec -
assumed welght of alrplane, CrgeS

distance along alrfoll chord, referenced to the leading
edge of the unmodified sections, ft

spanwise distance, measured perpendicular fram fuselage center .
line, £t :

height above wing reference plane defined by the wing quarter—
chord line and the chord of the unmodified section at 0.663 b/2

sweep angle, deg
angle of attack of fuselage center line, deg

flap deflections measured in plane normal to the hinge line, deg
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Ap pressure drop across porous material, Ib/sq £t

v kinematic viscosity, ft-/sec

Subscripts
hif trailing—edge flap
L leading edge
crit criticel
R reference conditions
CORRECTIONS

The standard tunnel-wall corrections for a stralght wing of the
same area and span as the sweptback wing were applied to the angle of
attack, pitching-moment, and drag—coefficient data. This procedure was
followed since an analysis indicated that tunnel-wall corrections were
approximately the same for straight and swept wings of the size under
consideration. The following increments were added:

M = 0,61 Cy,
ACp = 0.0107 Cr”
Cmp = 0.008 C1, (tail-on deta only)

No corrections were made for strut interference, All flow coeffi—
clents were corrected to standard see-—level conditions, The effect of
the thrust of the exhaust Jets was found to be negligible,

MODEIL AND APPARATUS

A general view of the model is shown in figure 1. Except for the
flaps, the model is the same as was used in the investigation of refer—
ence 1 whers 1t is described completely. The geometric characteristics
of the model are shown in figures 2 and 3. The wing panels and horizon—
tal tail are from an F-86A airplane. The horizontal tail is in the same
position relative to the wing as on the airplane, The coordinates for
the eirfoll section at two spanwise sections are given in teble T,
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Suction Flaps

The original trailing—edge flaps on the wing described in refer—
ence 1 were removed and replaced with suction flaps that could be
deflected to 552 and TO° (fig. 4(a)). The flaps had & constant chord
and extended from 0.135 semispan to 0.495 semispan., The flaps were con—
structed with a porous surface on the upper surface over the axis of
rotation as shown in figures 4(b) and 5. The porous surface extended
from & polnt 1/2 inch aft of the reference line to 8 inches aft of the
reference line measured along the surface normal to the reference line.
The reference line, shown in figure 4, is a line on the upper surface
of the wing in a vertical plane with the hinge line. The chordwise
extent and position of porous surface was controlled with a nonporous
tape of sbout 0.003-inch thickmess. The various extents and positions
of porous areas tested are listed in t#ble II. The dimensions gliven are
normael to the reference line and are measured along the curved porous
surface, The chordwise extent of the porous surface for all configura—
tions was constant across the span of.the flap.

The porous material used for the flap was the same type as used in
the investigation of reference 1. The meterial was composed of an elec—
troplated metal mesh sheet backed with l/lG—inch—thick white wool felt.
The metal mesh sheet had 4225 holes per square inch, was ll-—percent
porous, and was 0.008 inch thick, The wool felt hed a weight of 4 pounds
per square yard for l/2—inch~thick material. The flow resistance cher—
acteristics for the porous material are shown in figure 6 for l/é—inch—
thick wool felt, For other thicknesses of wool felt, the pressure drop
across the porous material for & giwven suction velocity is directly pro—
portional to the thickpess of the wool felt, . ___ __ . __ . . o .

Wing Leading Edges

The various leading—edge configurations used in the tests are listed
in teble ITI. BSome tests were made with the F-86A airplane leasding edge,
configuration A, with the slat in the closed positlon as shown in fig—
ure 7. In these tests the slits between the four segments of the slats
were teped as in reference 2 to prevent flow of alr from the bottom sur—
face to the top. The majority of the tests with an unmodified F-86A
wing leading—edge contour were made with the porous lesding edge taped
with & nonporous tape, configuration B. Three leadling-edge devices were
used to attain higher meximum 1ift coefficient: (1), the modified lead-—
ing edge of reference 2 which hed camber added to the forward portion of
the chord and an increassed leading—edge radius, as shown in figure 7(a)
and table IV; (2) the F-86A leading—edge slat, shown in figure T(b),
extending from 0,245 semispan to 0.94 semispan; (3) the porous leeding
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edge used in the investigation of reference 1. The various spanwise
extents of leading—edge aree suction used and the one spanwise variation
of the chordwise extent (configuration B of ref. 1) used for all spanwise
extents are shown in figure 8 and table ITI. Figure 9 shows the varie—
tion of the thickness of porous wool felt backing material at verious
spanwise sections. The flow resistance of the porous materiael for the
leading edge is shown in figure 6. As indicated in the figure, this
porous material hes approximately twice the density for a givén thick—

R mdemcal nTl s T mmamoman madtact al araa’d o Fhea PTarm
ness o1 LoD Ll ad LIUD PpULluvus magerigl usel 8¢ Taos LaGpte

Suction Apparatus

Two completely separate suction systems were employed; one for the
leading edge and one for the flap. Eeach system consisted of a centrif—
ugal compressor driven by an electric motor mounted in a plenum chanber
in the fuselage. The alr was drawn from the wing surface, into wing
ducts, through the plenum chamber and the compressor end out the exlt
ducts at the bottom of the fuselage. The gquantlity of air removed for
each suctlion system was measured by survey rakes located at the exit of
the system. Ths rskes were calibrated with standard ASME orifice meters.
Plenum—chamber and duct pressures were measured with static pressure
oriflces and can be assumed to be equal to the total pressure since the
suction—air velocities in the duct and plenum chamber were low. The
spanwise location of the surface pressure orifices are shown in figure 2,
and the chordwise positions are listed in teble V. The total suction
power was measured wlth & wattmeter and included pump losses, duct
losses, and the suction reguirements.

TESTS

The primary purpose of the investigation was to determine the rela—
tion between the 1ift increments reslized from the flap and the suction
power and flow quantities required. Three—component force data were
obtained at zeroc sideslip for all flap and wing configurations. For
scme conditions, pressure distributions over the wing were obtained.

In eddition, tests were made of three wing and flap arrangements with
the horlzontal taill removed to show the effects on longlitudinal stebil-—
ity. Teble VI lists the varlous confligurations that were investigated.

Initiel tests showed that as suction was increased, the 1ift incre—
ment first increased repidly, then, gquite abruptly, the rate of increase
fell off to & very low value., The test procedure followed, therefors,
was to determine for each model arrangement and angle of attack the
power and suctlon quantities required to reach the point whsre further
increases in these quantities gave little increase in 1ift increment.
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This was done by holding the angle of attack and free—stream velocity *
constant and obtalning data as the suctlon gquantity was varied.

For the model with the unmodified wing leading-edge profile, an
extensive investigation was made, for both 55° and TO®° of flap deflection,
of the effect of position and extent of the porous area., Table II pre—
sents a summary of the porous aree arrangements tested. Data were
obtained at Reynolds mumbers of 7.5 and 9,6X10%, For the model with
wing leading—edge modifications, only one flap deflection, 55°, and only
one arrangement of porous area on the flep were tested (see table VI).
For the full-span leading—edge suction, suction guantities required at
the wing leading edge were determined for each angle of attack as those
which, by observation of pressure distribution, Just prevented separa-—
tion of flow from the wing leadlng edge.

RESULTS AND DISCUSSION

Model With Suction Flap and .
Unmodified Leading Edge r -

The 1ift, drag, and pltching-moment data are shown in figure 10
with the trailing—edge flap deflected 559 and TOO. The results are
shown with and without suction applied on the flap and are compared with
? slottjd flap deflected 38° having essentially the same span and chord

ref. 2).

Lift.— Figure 11 shows the variation of the flap 11ft increment
with flow coefficlent. These data were obtalned at one wing angle of
atteck, 0.5°, and for one loceation and extent of porous area for each
flap (configuration 4 for the Plap deflection of 55° and configuration 18
for the flap deflectiom of 70°). Similar deta were obtained at other
engles of attack and for other configurations of porous area., Exemina—
tion of all these data showed the following important facts which are
applicable to each condition of flap deflection:

l, The variation of 1lift increment with flow coefficlent was qual—
itatively the same for any configuration of porous area in that, as flow
coefficlent was increased, an initial slow rise In 1i1ft was followed by
an asbrupt rilse to & particular wvalue which could be incressed only
slightly by further large lncreases in flow coefflclent.

2. For any one configurastion of porous area, the variation of 1ift
increment with flow coefficient showed almost no veriesnce with angle of .
attack, provided the angle of attack was less than that at which separa—
tion of flow appeared at the wing leading edge. -
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3. For all configurstions of porous area, the same total increase
in 1iPt occcurred as the flow coefficlent was increased, but the sbrupt—
ness of the rise and the flow coefficient at which it occurred were mod—
ified by the chordwlse extent and locatlion of the porous ares.

The data shown in figure 10 represent, for either flap deflection,
the condition wherein the flow coefficlent at each angle of attack was
sufficient to be in the range whers a negligible increase in 1ift could
be realized from increased flow coefficient. The data therefore are
applicable to any configuration of porous area for each flap deflection
that is noted in table II.

The exlstence, for each flap deflection, of a particular value of
1ift increment which could be exceeded only slightly by large increases
In flow coefficient suggests that as soon as there is sufficient ares
suction to permit attalning nearly linear flap effectiveness, no further
gains in 1ift could be expected, Thls can be indicated by comparing
meesured flap 11ft increments and total-wing lifts with those predicted
by the method of reference 13, wherein linear flap effectiveness to these
deflections can be assumed. In making such a comparison, it is first
necessary to meke a cholce of the experimental AC;, ilncrement gealned by
the use of suction. For instance (Pig. 11) with 55° of flap deflectiom,
the ACy, increases from 0.75 to 0.78 as the flow coefficient increases
from 0,00048 to 0,002, This 1ift increase was considered of small inter—
est in view of the Increase in flow coefficlent reguired; hence, the
cholce was arbitrarily made to direct attention to that value of ACT,
reached when the linear increase with flow coefPicient beglns (see
fig. 11). It should be noted that often this is not & sharply defined
point end, therefore, the cholce of the value of flow coefficient asso—
cleted with it is somewhat arbitrary; en attempt will be mede to make
apparent the degree of interpretation as results are discussed. Herein,
the 1ift increments corresponding to this value are denoted as ACLcrit’
the assoclated total-wing lift coefficients are CLcrit’ end the asso—

ciated flow coefficient is Cchit' _

Good agreement between thsg}y and experiment was cbtalned for the 55
flap-deflection case (0.78 = ACT.pqy fTrom tail—off experimental data
and 0.80 = AC;, from theory); poorer agreement existed in the T70° flap—
deflection case (0.87 = ACLcrit estimated from tall—on experimental data
and 0.99 = ACL .4, from theory), and 1t is not clear whether this is a
limitation of the thsory or a failure of the area suction to totally
eliminate separation, although tuft studies and pressure—distribution
measurements indicated that the latter was a contrlbuting factor to the
disagreement.

=}

It will be noticed from figure 10 that ACLcrit was maintained
almost without loss up to Cr ... For these cases, Cr,,. appeared to



10 - NACA RM AS53E06

be limited by separation of flow from the wing leading edge which wes
indicated by the pressure distributions and will be discussed later.
Thus, application of suction to the flap geve a meJor increase in Cyg

with only a slight change (reduction) in stall angle. Imnstalletion of
the smooth F-86A leading edge in place of the taped—over porous leading
edge (ref. 1) enabled an increase in Clpay from 1,48 to 1.68; even in
this latter case, there 1s apparently no importent reduction in ACLcrit
with angle of attack.

The majority of tests were made with no discontinuity existing
where the upper wing surface Joined the surface formed by the flap deflec—
tion, Recognizing that such would not be possible in practice, since a
discontinuity must exist to ensble flap retraction, a limited study was
made of the effect of such a discontinuity in the form of am &brupt
3/16—inch drop in contour along the flap Just forward of the porous area,
No change in flap effectiveness was measured, although a slight increase
in flow coefflclent was required to obtain ACLcrit'

Pitching moment.— Suppression of separation on the flap caused no
particular change in the varlation of pitching moment with 1lift coeffi—
clent, except that the linear range was extended to higher 1ift coeffi-—
clents, A polnt worthy of note is thet in the tall-om case, the increase
in flap effectliveness was mot accompanied by & pronounced change in
pltching moment (fig., 10(a)). It can be seen.by ccamparing the data of
figures 10(a) and 10(b) that in a large measure, the self—trimming effect
results from the particular location of the tail in the downwash field
since an increass in flap 1lift is accompenied by an lncrease in the neg—
ative value of the tail-off pitching moment. However, 1t can be shown
from figure 10(b) that the pitching moment per umit of flap 1ift is less
for the flap with area suction (a value of 0.155) then for the flap with—
out suction (& velue of 0.18). Presumably, this results from & forward
shift in local center of pressure as separation is suppressed on the
flap. This fact may be of importance if greater flap 1lift increments
then shown herein are desired and maximum 1lift of the horizontal tail
is approached.

Suction requlrements — effect of position of porous area.— It

was noted in the previous sectiom that figure 11 shows & typical varig—
tion of 1ift increment with suction, and that & value of 1ift noted

as ACl,.it Was chosen to represent the most interesting case wherein
the flow coefficient was limited to that required to just suppress sepa—
retion and meintain neerly linear flap effectiveness. It was alsc noted
that while gll porous area configurations echieved this end, Cchit

varied for easch configuration of porous area, TFigures 12 and 13 have
been prepared to show this variation for the 55° and 70° flap deflec—
tions, respectively. The effects of two variebles &re shown in each

L
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figurse, Tirst, the effect of position of two extents of porous area, and,
second, the effect of the extent of porous opening with the forward edge
at a fixed point.

The results shown in figures 12(a) and 13(a) indicate that there
is & particular position for the forward edge of the porous opening which

results in minirmum Cchit and that this position is not greatly affected

by the extent of opening — at least within the range tested. Figures 12(b)
and 13(b) indicate that with the forward edge at the position for mini-—
mm  CQ..i4, for elther of the two extents, there is also a particular

extent required to realize minimum chrit'

While figures 12 and 13 serve to. show trends, it would appear
reasongble to assume they are not quantitetively appliceble to other
wing—flep arrangements., Evidence of this is the differences in the var—
iation for the two flsp angles (figs. 12 and 13). If the reasons for
these differences were known, the usefulness of the data would obviously
be greatly increased. In the following peragraphs, the extent to which

they are urderstood will be discussed.

It has been shown previously, in connection with gpplication of
area suction to control separation of flow from the leading edge of &
wing, that area suction is most effective when the forward edge of the
porous area coincildes with the polnt of maximum negetive pressure., That
this is also true in the case of the flap is indicated by the relativs
positions of the maximm negetive pressure measured over the flap and
the position of the forward edge of the porous area for minimim flow—
coafficient requirement. Suction forward of this point results in need—
lessly withdrawing alr in the reglon of a favorable pressure gradient.
Moving the leading edge of the area suction progressively aft results in
not only lincreased flow requirements but, as found durling this investi-—
gation, instability of the flow and, finally, inabllity to maintain
aettached flow, It seems safe to conclude thet the optimum location for
the forward edge of the porous area will, for any plain flap, be &t or
very close to the point of maximum negeative pressure,

Conclusions similer to the foregoing but with regard to the extent
of the porous area are not so readily reached. It cen be conjectured
from figures 12(b) and 13(b) that the position of the aft edge of the
porous area for the minimum Pflow coefficient is at the point where the
boundary layer is Just sufficiently stable to withstand the subsequent
pressure recovery without aid. If the porous area is not cerried to
this point, then the boundary leyer must be made more steable than in the
case just mentioned, requiring larger flow coefficlents, in order to
suppress Flow seperation beyond the region of porous area. If the porous
area is carried beyond the optimum point, then needless control is belng
applied., As yet, however, no theory is availsble analogous to that
shown in reference 1k for predicting the required extent of porous area
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in the case of the flap. TFortunately, it appears thet estimates made
in the direction of establishing too great an extent 4o not result in
exceseive flow coefficlents. Further investigation of this problem is
indiceated.

Suction requirements — effect of 11ft coefficlent and free-stream
velocity.— Choice of a porous area which appeared, at least within the
renge of conflgurations studied, to be that one requiring minimum flow

coefficlent to maintain ACLcrit enabled iimited studies of the varia-

tion of 0Cq.,., Wlth free—stream velocity and with totel 1ift coeffi-

cient., Typlcal data cobtained during these studles are shown in fig—
ures 14 snd 15,

It is evident from figure 14 that if differences in 1ift coeffi—
cient of about 3 percent can be ignored, then the effect of free—stream
velocity on Cchit can be considered inconsequential within the range
of free—stream velocitles tested in this investigation. When these
results ars considered in the light of the limited amount of data avail—
gble, it 1s conclvied that eny atiempt to demonstrate a variation of
Tlow coefficlent for ACLcrit with free—stream wvelocity 1s unjustifled;
until more detalled studies can be made, the flow coefficient for
ACLcrit (within x3 percent) must be considered independent of free—stream

velocity.

A condition similar to the foregolng exists when an attempt is made
to ascertain the variation of chrit with total—wing 1ift coefficlent
(see fig. 15). At the lowest free-stream velocity, CQupyy £Or ACTopqt
(31 percent) shows & slight increeése with Cr,» while at the higher veloc—
1ty, it shows a slight decrease with C1,; however, 1f & 3—percent drop
in Achrit is accepted, then, the tests made at the hlgher velocity

also show a slight Increase in Cchit' As a result of this, it is con~

cluded that existing data are incapable of demonstreting any significant
variation of Cg & with Cp; until more detalled studies are mede,

C
+3.
the flow coefficient for ACLcrit (+3-percent) must be considered inde—

pendent of total wing 1lift. For the tests reported herein, the smallest
value of Cchit was 0,0005 for 55° of flap deflection and 0.0009 for

70° of flap deflectlon.

All the conclusions reached in the foregolng examinations of data
are contrary to what would be expected, As discussed briefly in refer—
ence 3, any one configuration of porous area should give minimum Cchit
&t only one welocity and, hence, Cchit should wvary with velocity.
Further, it ls reasonable to expect the stability of the boundery layer
approaching the flap to decrease as the wing 1ift increased (and the
edverse pressure gradient traversed by the boundary layer at the wing
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leading edge &lso increased); as a consequence, minimum Cchit should

increase with wing 1ift since more stability must be imparted to the
boundary layer at the flap. These apparent contradictions are probably
evidence that the so—called minimm values of CQ found in this

rit
investigation are, in reality, sc far from a true minimum that the effects
of the factors under consideration sre totally masked. It is believed
that & large percentege reduction in minimm Cchit may be realized

(Appendix B) by controlling the chordwise distribution of inflow veloc—
itles. In view of the moderate values of CQ.,.;¢ measured in the sub-—
Ject investigation, & large percentage reduction is, in fact, & small
gbsolute value, and the value of its realization may be open to questions
in the range of 1ift conditlons and flight speeds considered of current
interest. It must be pointed out, however, that the reduction of flow

coefficients may become of great importence in cases where duct space
is limited.

Plenum—chamber pressure coefficients — relation to external peak—
pressure coefficient.—~ The total power required is directly a function
of the plenuni~chamber pressure coefficlents as well as the flow coeffi-—-
cient, The plenum—chanmber pressure coefficient, pr, mist have a suf-—

ficiently negative wvalue to overcome duct losses and pressure drop through
the porous material at the required flow rate and, also, to overcome the
external negative pressures. In the general case, duct losses and the
pressure drop through the porous materlal are readily calculeble within
the sccuracy required, end it would be anticipated they would be small,

In the subJject investigation, these losses were negligible; hence,
required values of pr are almost entirely & result of external pres—
sures,

The variaetion of the ratio of plenum-—chsmber pressure to peak
external pressure with 1ift coefficient is shown in figure 16. A sur—
prising feature lndicated by these results is that the ratio is defi-
nitely less than 1.0. For all the cases shown, the forward edge of the
porous area was at the location for minimum chrit required to reach
ACLcrit; as noted earlier, this location is very close to the peak nega—
tive pressure. It can only be concluded from this that some outflow of
air occurred through the porous surface near 1lts forward edge. Such an
occurrence does not seem favorable to any form of boundary—layer control,
and it is probable that the outflow in these cases was possible only
Pbecause excess air was being withdrawn through a major portion of the
porous area., It is apparent the latter would be the result when the
external pressure over the porous surface varied in a chordwise direction,
while the intermal pressure was a constent and the porosity of the mate—
rial was & constant, It 1s believed that the value of chrit could be

substantlially reduced., and that the required internal duct pressure would
become at least equal to the maximum negative extermal pressure if the
chordwise porosity varlation were adjusted to maintain nearly constant
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suction velocitles. Some discussion of this problem of controlling the
chordwise variation of suction velocities at a wing leading edge is

given in references 3 and 15; detalled research, however, 1s yet required
before a quantitative evaluation of its effects can be msde in the case .
of the flap. Untll such research can be completed, it iIs concluded that

a conservative estimate of the required duct pressures would be that they

mist equal the msxlmum negative external pressure,.

Plepum—chamber pressure coefficlents — effect of free—stream veloc—
1ty and 1lift coefficient.— It was found experimentally thet the plenum—
chamber pressure coefficient for emny one configuration and angle of
attack was essentlally independent of free—stream veloclty within the
range tested. As indicated in the subsequent t&bles, the value of pr

is primarily controlled by the external pressure coefficient; this showed
negligible variation over the Reynolds number range and Mech number

range of the investigation. ILoss through the porous material and duct
losses, which secondarily control the value of Ppp required, were
changing with the veriations in Cchit’ but the effects remelned &

negligible part of the toteal,

A significant effect of 1lift coefficient on the required value B
of pr was found (see fig. 17). Again, this was due almost entirely
to the variestion in the peak negative external pressure coefficient
which dropped sppreclably with an increase in lift coefficient. Such .
a drop is not compatible with potential theory; it would be expected T
that, provided theoretical flap effectiveness were reallized, a slight
rise In external pesak negative pressure would he experienced. It may be
concluded that 100—percent flap effectiveness was not realized.

Pressure distributions.— Chordwise pressure distributions and sec—
tion lift—curve slopes obtained with the flap deflected 55° and with
and without suction are shown in figures 18 and 19, Two points are of
particular interest; first, the marked chenge in pressure distributions
as a result of application of suction and, second, evidence of separa—
tion of flow first appearing at the leading edge of the wing with suc—
tion applied to the flap.

Tt can be seen that the effect of applying suction to the flap is
to change the pressure distribution from ons indicatling separation of
flow over the flap to ome closely resembling the type predicted by the
eirfoil theory where no separation of flow is considered, These results
substantiete two comments made easrlier: That the expected 1lift increment
from such a flep is predictable from thin—airfoll theory, and that the
pitching moment for a given flep 1lift increment is less for this type .
of flap than for other types because of the amount ‘of lift induced on” T
the forward part of the wing. T
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Examinetion of figure 18 shows thet with suction applied to the
flap, leading—edge separation (as evidenced by the collapse of the peak
negative pressure at the leading edge) occurred between 10.9° end 12.8°
angle of attack, This, as was noted earller, limits the meximum 1ift.
Partiel collapse of lift on the flap occurred at the same +timej; however,
this was believed to be the result of sir—flow separation at the wing
leading edge. The investigation was therefore conbtinued by examining
the effect of several devices designed to deley separation of flow from
the leading edgs.

Typical power reguirements.— The actual power requirements for an
airplane should be specified in terms of the wing loading and landing
speed.. In order to determine such values which were free from the
uncertainties of estimeting flow coefficlent and pressure coefficient,
data were obtained under conditions corresponding to level £light at
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The following teble shows measured minimm suction horsepowers
required to obtain ACLcrit' The powers shown are those required to

drive the pump and thus include duct losses, system leakage, and the
effect of pump efficiency. For the conditions quoted in the table, the
first two items caused a small increase in power; for all condltions
the pump efficiency was sbout 65 percent, thus, & substantial reduction
in power could be achieved by improved pump characteristics.

W/S, 40 1b/sq rt

Flap deflection, 55° Flep deflection, T0°

Angle T P Measured T c P Measured

£ | cC o % | Poe | g C o Qp Pglsuction
atzack L lrt/sec suﬁgion L |rt/sed hp

0.5 (o.79] 206 |o.oook7| h.4} 23,0 [0.91| 192 [0.00088|-7.8 59.2
4,6 |1.06}) 178 .00050 | .2 15.7 [r.14f 172 .00090{-T7.6 %0.0
10.9 [1.45] 152.5] 00062 | —3.5] 10.1 |1,50} 1k9| .000T2|-6.4| 15.1
15.181,68( 141.5] .00065] 3.0 6.7

W/s, 60 1b/sq ft

0.5 |o.77| 256 |o.000k9 | —4.5| u43.7 |0.90] 237 0.00098]-8.0| 107
k,6 {1.04} 220 00052 | b4,2| 28.5 11.13] 216} .001 |-7.h4 70.5
10.9 {1.43} 187.6] .00056| =3.8] 16.9 j1l.4k| 187} .00086{-6.6 36.0

&S8uction requirements for 15.1° angle of attack were obtained with unmod—
ified leeding—edge configurstion A; others were obtained with unmodified
leeding—edge configuration B.

-
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It 1s interesting to note that the power required varles roughly
as the cube of the veloclty ratlos. In. any attempt to extrapolate these
results to much different conditions (e.g., higher wing losdings, higher
lift coefficients) by this variation, due consideration should be given
the compensating effects which maeke the extrapolation fit the range of
test conditions glven here,

It is apparent that forward speed has a large effect on powers
requlired. An attempt to reach ACl.py4 @&t high forward speeds cen
require very high powers, This does not appear to be of particuler
Importance, however, because it has been demonstrated that area suction
will cause reattechment of flow when applied where separation exists.
Therefore, it would be mnecessary to supply only the power required to
cause reattachment of flow at a desired low forwerd speed; as this speed
was approached from some higher speed, an increase in flap effectiveness
due to the attachment of flow to the flap would be fell, similar to an
increase In deflectlon of & conventionel Flep, The increased forward
speeds resulting from even higher wing loadings than considered here
may, however, result in undesirably high power requirements, It is
believed that in these cases, the required power cen be reduced by con—
trol of the chordwise distribution of normal velocitles through the
porous surface.

Model with Suction Flep and
Ieading-Edge Devices

Three types of leading-edge devices deslgned to delay separation of
flow at the leading edge were readily available. To limit the number of
variebles under study, only one suction flap configuration was used dur—
ing these tests, This was configuration 4 which gave minimum chrit

with 55° of flap deflection. The primery purpose of this phase of the
study was to ascertein the effect of higher wing 1ift coefficlents on
the charecteristics of the suction flap and to ascertaln if any major
chenges were made 1n these characteristics by the type of device used to
delay leading—edge seperation in order to achleve the hlgher wing lifts.
It is believed thet any significant changes found for this flap configu—
ration would also exist for any other.

Lift.— The effect of.the three leading-edge modlfications on the
1ift characteristics is shown in figure 20. Consldering first the mod—
i1fied leading edge and the area—suction leading edge, 1t was apparent
that the major portion of the flap effectiveness was maintalned to very
high angles of attack with the control of leasding—edge separation.

There is a gradual reduction in lift-—curve slope above a lift coefficlent
of about 1.4; as will be noted later, there is slight evidence that this
was due to a loss In flap effectiveness, However, for all points tested,

ﬂ. _.-_. ‘
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there was a well—-defined value of ACLcrit that could be'chosen gsimilar

to that shown in figure 11, It cen be concluded, therefore, that an
increase in over—all wing 1ift will have no pronounced effect upon the
1ift contributed by the suction flap.

The case of the partiel-span lsading-edge slat is scmewhat different.
At an angle of sttack of sbout 6°, a marked loss in flep effectiveness
occurred. This was traced to the rough alr flow which came from the
inboard end of the slat. This restricted area of rough alr flow suc—
ceeded in separating the flow from that area of the flap lying directly
behind the inboard end of the slat. It was not possible to attain as
high a value of 1ift increment as was attained with other lesding edges
with the smounts of suction tried in the tests.

Pltching—moment cheracteristics.— No particular effect was found in

the pitching-moment characteristics with the possible exception that the
partial-span slats could not provide nose-down moments at stall with the
suction flap, although they could with the normal F-86A slotted flap.
The tail—off moments shown in figure 20(b) are inciuded simply to show
that there were no sudden changes in wing moments thet were obscured by
the tail comtributiom.

All the model configurations conmsidered to thils point showed insta—
billity beyond maximum 1ift., Although the undesirsbility of this is
open to question (ref., 16), some tests were made to see 1f it could be
overcome by limiting the spanwise extent of area suction., Thls is sim—
ilar to the procedure used in reference 1., As 1s evident in figure 21,
it was possible to alter the pitching moment at stall although a sub-—
stantial reduction in meximum 1ift resulted. It is not meant to be
implied by these tests that only spanwise control of arsa suction at
the leading edge will give nose~down moments at stall. The significent
point is that the suction Plap does not eliminate the effectiveness of
this type of control,

Suction requirements.— As noted earlier, & primary point of interest
in these tests was to determine whether various leading—edge mcodificea—

tions would significantly affect the flep suction requirements. SubJect
to the qualificetions maede previcusly with regaerd to fixing an exact
minimum value of chrit’ it can be steted that, except where partial-

span leading-edge stall occurred with the partisl-spen slat, no differ—
ences in suction requlremsnts greater than 10 percent were found. It
should be emphasized, however, that a more detalled study will be
required to determine whether there are any such effects.

Up to the highest 1ift coefficients attainable with the various
leading-edge modifications, subJect to the limitations previously dis—
cussed, C, £ was independent of 1lift coefficlient and wvelocity. A&lso,

r
the comments previously made regerding plenum—chanber pressure coeffi—
cient were found to be applicable at the higher 1ift coefficlents.
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Presgure distributlions.— Chordwise—pressure—distribution data and
section-lift—curve slopes obtained with area suction applied at both

the leading edge of the wing and on the flap are shown in figures 22
and 23, Below the first appearance of separation, there existed char—
acteristics very similar to those alresdy discussed. The initial loca-
tion of separation, however, 1s not so reesdily definsble as in the pre—
vious case, .

Comparison of figures 22(c) amd 22(d) shows thet at the 0.45 2y/b
station, the leading-edge peask pressure has nearly ceased to rise and
the peak pressure over the flap hes practically collapsed (although no
pronounced effect of separation is apparent). It cannot be ascertained
which of these flow changes is cause and which is effect but it is sus—
pected that, at least for this configuration of area suction on the
filep, the limit of control of the area suction on the flap is being
approached. . S e S

Typical power requlirements.— The following teble has heen prepared
to demonstrate the order of magnitude of powers required at the high
1lift coefficients mede possible by use of leading~edge devices. In
addition to the powers required at the flap, powers required for ares
suction at the wing leading edge are given for comparison with those of
reference 1. As in the previous table, two values of wing loasding were
exsmined for the F-86A model, 40 and 60 pournds. As noted previously,
tests were made with velocity and attitudes corresponding to those of
flight for these wing loadings. For the case of area suction at the
wing leading edge, the measured suction power includes the duct losses
and pump losses which are listed in table VII and are subtracted to
cobtain the values of suction power.

Flap deflection, 55°, W/S, L0 1b/sq 7%

Flep, configuration & leading-edge, configuration B-B

U Measured Measured Suction

o 1
Cr, 7t /sec qu pr su;;ion CQL PQL rs;uchi13 on bp
1.6 145 0.00042 | =3.3 7.8 0,00039 | -12.7 18.8] 12.4
1.821 136 00040 | =3.0 6.0 .00051 | -19. .k 36.%1 23.7
1.95|] 131.5 L0000 | 2.7 b1 00063 | -23.0 3.7} 28.0
2,07 127.5 00034 | 2.8 3.8 .00081 | -30.0 63.3] 36.0
2.171 12k.5 .00033 | 2.8 2.8 .00101 | ~-38.0 97.61 L. 4

Flap deflection 55°, W/S, 60 1b/sq £t

1.6 179.5{ 0,00058 | 3.4 14,0 0.0004k | 24 4 37.61 23.0
1,82 166.5 00057 | 3.2 9.4 .00061 { ~19.8 77.91 u43.1
1.95| 161 .00059 | 3.0 8.3 00072 | -2k, T 98.2| S5h.7
2.07F 153 00058 | 2.8 6.8 .00088 | —31.4 1i7i.0} 92.0
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tion of flow at the leading edge are compar ed with those quoted in
reference 1 for corresponding conditions, it will be evident that a
reduction in both power and flow coefficient have occurred. That such
is the case, despite the fact that the same leasding edge was used for
each test, 1s worthy of some consideration. A comparison on the basis
of equal Cr's produces such a result largely becsuse the increased
flap effectiveness reduces the leading—edge pressure peaks required to
reach a given wing Cj. A more valid comparison om the basis of equal
wing loading and equal angles of attaeck, where the leeding—edge pressure
peaks should be very similer, also shows a substantlal reduction in
power and flow coefficlent, particularly at the lower 1ift coefficients.
This is partially due to a decrease 1n velocliy for level Llight brought
gbout by the increase in 1ift due to greater flap effectiveness. Even
vhen this is accounted for, however, a reduction remains. It is thought
to be due to a change in the span loading and chordwise loading, induced
by the more effectlve flaps, which resulted in a more favoresble spanwise
distribution of suctlon velocities at the leading edge. This is partly
supported by the fact that the differences tend to disappear as the flap
effectiveness diminishes slightly at the higher Cy's. Insufficient
data exist to evaluate quantitatively these effects, but it 1s important
to note they exist.

o

CONCIUDING REMARKS

The results of the wind—tunnel investigation of a 35° sweptback
wing indicated that large increasses in flap 1ift increment can be made
by epplyling area suction wlith very small suction flow quantities to an
areea near the leading edge of a flap. It was determined that the area
suction served to prevent air—flow separation and, hence, flap effec—
tiveness agreeing closely with inviscid flow theory could be realized.
It was determined that the flap lift increment could be maintained
almost without loss to maximum 1lift of the wing which appeared to be
govgrned‘ﬁi‘leading—edge separation in all cases, including those where
leading—edge—separation control devices were used. The effectiveness
of the area suction was not too criticael as to location of the porous
area but the suction requirements did vary with the location of the
porous &rea.

For the particular model under investigation, & flap 1lift increment
of 0.78 was realized for a flap deflection of 55° with a flow coeffi—
cient of 0.0005 and a 1ift increment of 0.87 for a flap deflection
of TO° with a flow coefficient of 0.0002; both flap deflections gave a
1ift increment of about 0.5 without area suction. Study of the results
indicated that substantial reduction in the values of flow coefficlent
can be mede by Purther refinements (see Appendix B). Examination of

T



20 i NACA RM A53E06

the power requirements for this type of boundary—layer control for a

typical fighter—type airplane showed valuese of the order of 17 horse-—
power,

It was found possible, from the results available, to develop a
procedure which engbled estimates to he mede of the flep 1ift Increments
and power requlirements for wings other than the one tested.

Ames Aeronautical Leboratory
National Advisory Committee for Aeronautics
Moffett Fleld, Celif,
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APPENDIX A
A FIRST APPROXTMATION OF A DESIGN PROCEDURE
FOR APPLYING AREA SUCTION TO A FLAP ON

A WING HAVING L45° OF SWEEPBACK

From the results presented in this report for the suction flaps on
a 359 sweptback wing, an gpproximate deslign procedure was devised to
enable estimation of the suction requirements for suction flaps on wings
having other angles of sweepback. The deslgn procedure willl be discussed
for flaps on a wing heving 45° of sweepback, an aspect ratio of 3.5, a
taper ratio of 0.5, and a wing area of 300 squere feet. The flap will
be of constant 30-percent chord (measured along the streamwise chord),
extending from 0.17 semispan to 0.72 semlspan. The procedure will be
directed toward, first, calculsting the increment of 1ift to be obtained
from the flap; second, selecting the chordwise extent and position of
the porous ares; third, estimeting the pressure coefficient necessary
for pumping; end fourth, estimating the £flow cocefficlent and the suction
power required.

Calculation of flap increment of 1lift.- The results of the investi-
gation on the 35° sweptback wing and the resulis of some unpublished
small-scale two-dimensional tests (2-foot-chord model) indicate that
applying area suction to a trailing-edge flap simply allows the flgp to
be deflected %o high angles without allowing air-flow separation to
occur on the flgp. With no air-flow separation on the flap, & nearly
linear variation of flep 1lift increment with flgp deflection angle is
maintained to very high angles of flap deflection. Therefore, the first
step of the design procedure, to calculate the increment of flap 1ift
attaingble with a given flap on & 4¥5° sweptback wing, can be made with
the use of the theory of reference 13. The validity of the step has been
indicated by comperiscon of experiment and theory for the tests on the
35° sweptback wing reported herein.

The smgll-scale two-dimensional tests indicated that the llnear
variation of 1lift increment with flap deflection could be maintained to
flep deflections of 65°. In this discussion, the assumption will be made
that 55° and 65° of flap deflection with ares suction will have unsepa-
rated alr flow. The theory was used to calculate the increment of flep
1ift with these flap deflectlons measured in the plane normal to the flap
hinge line. The calculations indicate that an increment of £lap 1ift of
0.89 should be obtained with 550 deflection and an increment of 1ift of
1.05 with 65° deflection. These 1ift increments, as in the case of the
135° gweptback wings, should be of nearly constant value at all engles of
attack below the angle where leading-edge separation occurs on the wing.

-

A ’
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Position and chordwlse extent of sarea suction.- From the tests
on the 350 sweptback wing, it can be established that the leading edge
of the porous area should be placed within & distance of +l-percent
normel chord (chord normsl to the hinge line) from the peak negative
pressure on the flaps. The peak negative pressure on the flap occurs
gulte near the midpoint of the radius of curvature but 1t can be
located more accurately from airfoil-section theory. The chordwise
extent of porous area can be from 1.5 to 3 percent of the normsl chord
for 55© flap deflection and 3.5 to 5.0 percent of the chord for 65°
flap deflection. The use of any poslticns and chordwlse extents of
suction glven in this range will give approximstely the calculated
increments of flap 1ift with suction power requirements of the same
nrder of magnitude as possible minimum yalues.

Buction pressure coefficient.- The suction pressure is the sum of
the externasl surface pressure, the pressure drop through the porous
surface, and the pressure drop through the ducts. In this discussion,
no calculations will be made of the pressure drop due to duct losses,
for they are dependent entirely on the specific design of the ducts.

The externeal surface pressure coefficilent can be calculated thsore—
tically with the flap deflected. However, for simplicity in this case,
the external surface pressure coefficient will be estimated from the
values measured over the flap for the 35° sweptback wing. At 55°
deflection, the meximum negative pressure coefficient over the flap was
gbout —%,5 (fig. 18). The angle of sweepback of the hinge line is
approximstely 29° compared to & value of approximetely L40° for the 30—
percent—chord flap on the example 45° sweptback wing. If simple sweep
theory is used and 1t 1s assumed that the pressure coefficlent based on
the normal velocity is constant, the velue of this pressure coeffilclent
based on the free—stream wvelocity will vary as the square of the cosine
of the sweep angle. On thls basis the maximum negative pressure coeffi-
cient is —3.6 on the flap surface for the 450 sweptback wing. It is
realized that section thickness and chordwise extent of flap will have
an effect on the magnitude of the radius of curvature over the hinge
line and, hence, the pressure coefficlent, but these effects willl be
neglected for this anslysis. The value of pressure coefficient for
the 65° flap deflection is estimated from the value of —8.2 measured on
the two—dimensionel model. When this value is corrected by simple—sweep
theory, the pressure coefficient on the 45° sweptbeck wing flap would
be —4,8, This value compares quite closely to the value which would be
obtained using & linear variation between 55° and 70° on the flap for
the 35° sweptback wing and correcting for angle of sweep as shown in

figure 24,

A rough approximation cen be made for the pressure drop through the
porous surface. This 1s sufficient since the pressure drop through the
surface will be a smell part of the total pumping pressure, Ipn the tests
of this investigation et a free-siream velocity of 183 feet per second

F—
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and a flep deflection of 55°, the suction-air velocity had an average
value of gbout 5 percent of free-stream veloclity. This resulted in a
pressure drop of sbout 8 pounds per squere foot through the 1/16-inch-
thick porous material, giving a pressure coefficient of -0.2, based on
the free-stream dynamic pressure. However, as was discussed previously,
the suctlon-inflow velocitles varled from a small value near the leading
edge of the porous area, where the meximum pesk negative external pres-
sures existed, to a very large excess value at the aft edge of the
porous area. It is belleved that for any porous materiasl for which the
surface porosity or permeability is kept constant across the chordwise
extent, a conservative value for the Inflow velocities at the forward
edge of 1 to 2 percent of the free-stream velocity will assure prevention
of gir-flow separation on the flap. For other porous materisls, the
pressure drop can be calculated by knowing the flow characterlistics of
the material and assuming an inflow velocity. For an instaellation on
an aircraft, a porous stelnless-steel surface could be used. The flow
characteristlics which might be obtalned for porous steinless steel are
shown in fTigure 25. The pressure coefficient necessary to draw the alr
through this type of porous surface would be dbout -0.2 for 55° deflec-
tion and sbout -0.3 for 65° deflection, based on an assumed inflow
velocity at the leading edge of 1 percent of free-stream velocilty.
Therefore, the total pumping pressure coefficient, neglecting duct losses,
would be -3.8 for 55° deflection and -5.1 for 65° deflection.

Suction flow coefficient and power.- The suctlion-flow-coefficlent
variation with angle of flap deflection is shown in figure 26 for the
flap on the 35° sweptback-wing panels for 0.50 angle of attack and a
free-stream veloclty of 183 feet per second. The flow coefficients,
based on the total-wing ares and the free-stream wvelocity, are 0.0005
for a flap deflection of 55° and are estimated from figure 26 to be
0.0008 for 650 of flap deflection. For wings of other plan forms having
flaps of other spans, the flow coefficients must be adjusted to a similar
reference areg and veloclity. The reference ares taken will be the area
of the wing over which the flap extends, which is 39 percent of the wing
area for the 35° sweptback wing and 50 percent of the wing area for the
450 gweptback wing. The reference velocity will be the component of the
free-stream velocity normasl to the flap. The flow coefficients required
for the 35° sweptback wing, based on these references, are 0.0015 for
550 flap deflection and 0.0025 for the 65° flap deflection. These values
of flow coefficient, based on the new reference area and velocity, can
be used directly on the 45° sweptback wing flap to determine the quantity
of alr flow necéssary for boundary-layer control. By this method, it
was determined that 30.5 cubic feet of air per second would have to be
regoved with 550 of flep deflection and 53.2 cubic feet per second with
65" .

With the knowledge of the flow quantity and the pressure ratio, the
suction horsepower necessary for the example wing was calculated, assuming



ol [ = NACA RM AS3E06

isentropic compression. The calculations indicate that 13.3 horsepower
would be required for 55° flap deflection and 28.1 for 65° flap deflec-
tion. These power calculstlions do not lnclude duct losses or the pump
loss. It is belleved, based on the results of the investligatlion on the
35° sweptback wings, that these losses would only require from 20~ to
30-percent additional power, depending on the efficiency of the pump.
Therefore, an increment of flap 1ift of 0.89 can be cobtalned with a
suction flap deflection of 55° and spproximately 16.7 horsepower and an
increment of 1ift of 1.05 with 65° deflection and 35 horsepower. These
values would result in a wing 1ift coefficient of approximately 1.l and
1.5, respectively, for 55° and 65° deflection at a wing angle of attack
of 10°.
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APPENDIX B

ADDITIONAL INVESTIGATIONS OF SUCTION FLAP

Subsequent to the preparation of the text material, additional data
were obtained on the reduction of suction flow coefficients and on an
intermediate Flasp setting of 64°, The results of these tests substantiate
much of the discussion presented in the report.

The results indlcated that large reductions in the value of flow
coefficlent were obtainable with control of the chordwise distribution
of suctlion-gir velocities. This control can be cobtained by two methods:
First, by using a porous surface of constant thickness having higher
pressure-drop characteristics than thet used in the original tests; and,
second, by using a porous surface having varying chordwise pressure-drop
characteristics, as described in references 1, 3, and 15 for the case of
wing leading-edge suction. The chordwise distribution oi suction veloci-
tiles required to attaln equal values of ACLcrit for three porous
materials are shown in figure 27 for the 25-percent spanwise station with
chordwise extent of area suction, configuration U4, on the flap deflected
550. The digtributions shown were obtained at an angle of attack of 0.5°
and a free-gtream velocity of 183 feet per second. The chordwise distri-
bution of suction veloclties, curve (a) figure 27, is for the original
l/l6-inch-thick porous materisl (flow characteristlcs of this material,
grade 1, are shown in fig. 28). To cobtain this distribution of suction-
air velocities, a pumplng pressure coefficient of -4.5 was required,
resulting in a total flow coefficient of 0.00049. For the same flap
deflection with a constant l/lG—inch—thick porous materlel having approx-
imately twice the pressure-drop characteristics (porous materisl, grade 2,
in fig. 28) the chordwise distribution required to prevent air-flow
separation on the flap is shown by curve (b) in figure 27. As can be
seen by comparing curves (a) and (b), a large reduction in suction-air
velocities was obtained at the aft edge of the porous surfsce. To obtain
this distribution of suction-air velocities with this porous surface, &
pumping pressure coefficient of -4.9 was required, resulting in a total
flow coefficient of 0.00036 or g@bout a 27-percent reduction in flow. A
further reduction of suction velocity and flow coefficient was obtained
by using a tapered porous material. The change In thickness of the
meterial, shown in figure 28(a), varied as the external surface pressure
veried chordwise on the flap with the thinnest sectlon et the Forward
edge near the peak negative pressure and the thick section at the aft
edge where the external surface pressure was less negative. With the
tapered porous surface, the chordwise distribution of suction-air
velocities required to prevent air-flow separation is shown by curve (c)
in figure 27. A pumping pressure coefficient of -5.3 was required to
obtain this distribution, resulting in a flow coefficient of 0.00022 or
‘8 55-percent reduction of total flow Prom the case with the constant-
thickness high-porosility materisl.
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Shown in figure 29 is the variation of flow coefficient required
with flap deflectlon angle for the various types of porous materials
used. It can be concluded that with the proper distribution of suction-
air veloecitles, large reductions in flow coeffilclent are obtainable. As
rolnted out previously in the text of this report, there 1s probably an
ideal chordwise distribution that will glve the gbsolute minimum flow
coefficient, which these tests have only approached. However, the ideal
distribution will not glve & very large reduction in flow coefficilent
below that of distribution (c) of figure 27. Also, as the chordwise .
distribution of velocities approach the idesl, the value of pumping
pressure required increases becsuse of the larger values of inflow
required at the forward edge of the porous area. Therefore, the reduc-
tion in suction power that can be made below that of distribution (c)
will be very small unless the ducting 1s such that the duct losses are
a large part of the pressure losses in the system and then, small
reductions in flow quantity will give large reductions in duct losses.

Additional tests were made with the suctlon flap deflected 64°.
The force characteristics with this flap deflection are shown 1n
figure 30. As shown by the data in figure 31, the Iincrement of flap 1ift
with flgp deflection angle is nearly linear through 0° from 64°. These
tegts were made with the same two grades of 1/16 inch constant-thickness
porous material investigated with 55° deflection. The chordwise extent
of suction that gave the minimum suction reguirements was an extent from
2 inches aft of the hinge reference line (fig. 4) to 5 inches aft of the
reference line. The flow coefficient required with the material of
greater porosity (fig. 28) was 0.0008 and, with the materisl of lower
porosity, a value of 0.00054 was required. This reduction in flow coef-
ficient is due again to better chordwise distribution of suction—air
veloclties.

The following teble shows the measured minimum requirements to obtain
LT apit with the horizontal tail off:

W/S, 40 1b/sq ft

Flap deflection, 55° Flap deflection, 64°
Angle Uo c P Veasured U o P Meaigred
of Q Dol suction | C pelsuction

0.5 }0.83[202 ..jo.00022(-5.3] 12.5 [0.92{191 [0.00054|-6.8] 28.0
8.6 | ===} --- -—- -—- --- {1.28{162 .00050 {-6.3| 15.8
0.9 [1.46}152.5 | .00035|-4.8 8.3 |1.52{148.5} .00050{-6.0] 12.h4

The powers shown include pump and duct losses. Values are given for the
porous surface having a tapered material with the flap deflected 550
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and for the 1/16-inch constant-thickness felt (grade 2) with the flap
deflected 64°. These suction requirements were measured at conditions
corresponding to level flight at various angles of attack at g wing

loading of 40 pounds per square foot.
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TABLE I.~- COCORDINATES OF THE WING ATRFOIL SECTIONS NORMAL

NACA RM AS3E06

TO THE WING QUARTER~CHORD LINE AT TWO SPAN STATICONS
[Dimensions given in inches]

Section at 0.L67 semispan [Section at 0.857 semispan
Z z

X Upper Lower x Upper Lower
surface |surface surface | surface
0 0.231 - - - 0o . |[-0.098 - -
.119 .738 |-0.307 .089 278 | -0.46L
.239 943 -.516 AT7 420 -.605
.398 | 1.127 -.698 .295 . 562 -.739
597 | 1.320 -.895 3 .T0L -.879
.996 | 1.607 [-1.196 .738 .908 | -1.089
1.992 { 2.10% |-1.703 1.476 | 1.273 | ~1.437
3.984 | 2.715 |[-2.358 2.952 | 1.730 | -1.878
5,976 | 3.121 |-2.811 L.h28 | 2.0k6 | -2.176
7.968 | 3.4k28 (-3.161 5.903 | 2.290 | -2.k01
11.952 { 3.863 |-3.687 8.855 | 2.648 | -2.722
15.936 | L,157 |[-k.06L 11.806 | 2.911 | -2.944
19.920 | %.357 |-k.364 14.758 | 3.104 | -3.102
23.904 | 4,180 |-k.573 17.710 | 3.24 | -3.200
27.888 | L4.,533 |-k.T719 20.661 | 3.333 | -3.250
31.872 | h.525 |[-L4.800 23.613 | 3.380 | -3.256
35.856 | L. bk} -4.812 26.564 | 3.373 | -3.213
39.840 | h.299 |-L.758 29.516 | 3.322 | -3.126
43.825 | hL.081 |-4.638 32.467 | 3.219 | -2.989
b7.809 | 3.808 [-h.h52 | 35.419 | 3.07k | -2.803
51.793 | 3.k70 |-k.202 38.370 | 2.885 | -2.5T74
55.7T7 | 3.066 |-3.891 §31.322 | 2.650 | -2.302
50.761 | 2.603 |-3.521 bi,273 | 2.37% | -1.986
863,745 | 2.079 |-3.089 |Bhk7.225 | 2.05% | -1.625
83.681| -~.Th0 - - - 63.031 .321 - - -

L.E. radius: 1.202, center|L.E. radius: 0.822, center

at 1.201, 0.216 at 0.822, -0.093

8Straight lines to trailing edge

SRR
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TABLE IT.- SUMMARY OF EXTENT AND POSITIONS OF POROUS SURFACE TESTED

e Y

ON SUCTION FLAP, DIMENSIONS KORMAL TO HEINGE REFERENCE LINE
[Dimensions in inches]

___ _ _.

Flap deflection, 55° Flap deflection, T0°
_ Position Position
Config- (Extent of | of for- Config- |Extent of | of for-
uration |[chordwise | ward edge uration | chordwise | ward edge
no. opening (aft of no. opening (aft of
ref.line) ref.line)
1 0.5 2.5 16 2.12 1.87
2 1.0 2.5 17 2.62 1.87
3 1.5 2.5 18 3.12 1.87
L 2.5 2.5 19 3.62 1.87
5 3.5 2.5 20 i 1.87
€ 5.5 2.5 21 5.12 1.87
T 1.5 0.5 22 3.62 2.12
8 1.5 1.5 23 3.62 2.32
9 1.5 3.5 2k 3.62 2.62
10 1.5 4.5 25 3.62 3.12
11 1.5 5.5 26 3.62 3.62
‘12 1.5 6.5 27 3.62 k.12
13 2.5 3.5
1k 2.5 L.5
15 2.5 2.5
AR

31
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TABLE III.~ SUMMARY OF LEADING EDGES TESTED

Conflguration

Leading edge tested

A

F-86A leading edge, slats closed, slits
sealed

Porous leading edge with porous surface
taped with a nonporous tape - unmodified
F-86A leading-edge contour

F-86A leading edge, slats open, slits
unsealed (fig. 7)

Modified leading edge (forward camber
and increased leading-edge radius,
fig. T)

Full-span extent of porous area, 0.l11
to 0.96 span (fig. 8)

Partial-span extent of ﬁorous area 0.25
to 0.96 span (fig. 8)

Partisl-~span extent of porous area 0.35
to 0.96 span (fig. 8) j:
4
Partlal-span extent of porous area é{
to 0.96 span (fig. 8)

“!ﬂ‘;”’
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TABRLE IV.- COORDINATES OF THE MODIFIED WING LEADING EDGE AT

TWO SPAN STATTIONS, NORMAL TO THE WING QUARTER~CHORD LINE
[Dimensions given in inches]

Section at 0.467 semispan | Section at 0.857 semispan
2 Z
x Upper Lower b4 Upper Lower
surface| surface surface | surface
-1.692 | -1.445 - - - -1.250 | -1.359 - - -
-1.273 -.348 | -2.552 -.93L -5 | -2.192
-.855 .222 | -2.898 -.619 -.099 | -2.454
-.436 629 | -3.11h -.30h 197 | -2.609
-.018 .969 | -3.272 .011 456 | -2.701
.40oo 1.266 | -3.391 .326 675 | -2.769
.819 1.527 | -3.473 L6L1 86T | -2.796
1.237 1.760 | -3.523 .956 1.0k0 | -2.813
1.655 1.952 | -3.549 1.272 1.189 | -2.821
1.992 2.10k - - - 1.476 1.273 - -
2.07h - - - | =3.5%2 1.587 - - - | -2.813
2.911 - - - | -3.530 2.217 - - - | -2.787
k.166 - - - | =3.481 3.163 - - - | -2.The
6.258 - - = | =3.472 h.739 - - - | =2.709
80350 - = —3-5)'['2 6-3111' - - —2-712
10.kh2 - - - | =-3.657 T7.890 - - - | -2.751
1k.626 - - - | =3.956 9.466 - - - | -2.808
15.936 - - - | -h.06k 11.0k2 - - - | -2.885
11..806 - - - | -2.94%4
L.E. radius: 1.6Th, center | L.E. radius: 1.261, center
at -0.018, -1.445 at 0.011, -1.359
L




TABLE V.- LOCATION OF SURFACE PRESSURE ORIFICES
[ Positlon of orificesl, chordwise percent ]

NACA RM AS53E0E

RN R

Orifice
no.

0.25b/2 and 0.45b/2 station

0.65b/2 and 0.85b/2 stetion

Upper surface

Lower surfsace

Upper surface Lower surface
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lUpper surface orifices omitted: Lower surface orifices omitted:
Station 0.25b/2, no. 6

Station O.65b/2, no. 7

Station 0.25b/2, no. 16 .

Station 0.85b/2, nos. 2,6, &11 Station 0.65b/2, nos. 6,7, & 8

Station 0.85b/2, no. 10 above
12.8°
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TABLE VI.- CONFIGURATIONS TESTED, AND TEST CONDITIONS

Confligurations Test conditions

f:f' Leading edge SuctionFlaDpeflection Horiz. f,jo w/s

(Table IIT) (Table IT) deg Tail sec
10(a) A L 55 on 145 and 183|varieble
10(a) B no suction 55 on 145 variable
10(a) B no suction T0 on 145 variable
10(=a) B 1 through 15 55 on 145 and 183|variable
10(a) B 16 through 27 TO on 145 and 183|variable
10(b) B no suction 55 off 112 variable
10(b) B )3 55 off 1li2 variable
20(a) C L 55 on varied |40 and60
20(a) D ) 55 on varied |LO and 60
20(a) B-B Lk 55 on varied |40 andéo
20(b) B-B L 55 off 112 variable
21 Cc-B L 55 on varied ko
21 D-B )3 55 on 112 ko
21 E-B L 55 on varied 4o
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TABLE VII.- SUMMARY OF DUCT LOSSES AND PUMP LOSSES FOR
AREA SUCTION APPLIED AT THE WING LEADING EDGE

Extent of suction B-B

Wing loading, %0 1b/sq ft

Wing loading, 60 1b/sq £t |

o Duct | Pump Duct | Pump
Cr, ° PdL loss | loss Uo PdL loss | loss
ft/éec hp hp ft/sec hp hp

1.6 |1k5 -11.6 | 2.0 4.4) 179.5}-12.5] 3.7] 10.9
1.82 {136 -17.6 2.5} 10.2] 166.5 | -18.3] 6.0 28.9
1.95 {131.5 -20.8 3.5 12.2| 161.0 | -22.1] T.2| 36.3
2.07 |127.5 | -26.9 6.1 | 21.2} 153.0 | -28.1]16.0 | 63.0
2.17 |124.5 [ -32.2 16,0} 37.2] = ~ = | =~ = =] === | ===
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Figure 1.— View of 35° swept—Dback wing model mounted in the 40— by 80-Foot
wind tunnel,
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Porous surface

Porous surface Reference line
T 2
—Q —— — - — —_ - _J.

Air ducts —
Flap hinge line

Section A-A normal to flap hinge line at .25 2y/b

Flap hinge line and
Reference line

2.488—

xﬁolas cut in duct wall

© belfween these points
g‘ to allow air flow.
®
‘EI
A l/ - Alf dimensions in feet
Shutters—1 unless otherwise noted
l A
2y/b 0 ./o 25 .96

fa) Wing details.

Figure 4— Schemalic diagram showing ducling and flaps.
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Figure 4.— Concluded. TR
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Figure 5.~ Close-up view of suction flap deflected 559,
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Figure &.— Calibration of suction~air velocities for the porous
mesh sheel backed with one-half inch wool felt material.



Dimensions in feet
unless otherwise noted

Wing reference l
_ plane
—.O069F

_ _ A
W
N\

~ - Unmodified profile

S—
s S
~—

3 "!“

——
——

- I05R
N Modified profile

fa) Modified leading edge.

NGRS

Figure 7.—.Details of the wing airfoil sections at 0,857 semispan, faken normal fo

the wing quarfer-'chard line.

GOHECY WY VOVN




| Dimensions In feef
unless otherwise noted

Extended Retracted
/ /| /- Wing reference plang
- /|
0697

(b) Unmodified section showing sial extended and refracted.

SJACAS

Flgure 7.— concluded,

QOEECY W VOVE

Gy




x 036
E 038
?;E ' Rear edge
s o .028 +—
L
Y ose /
- ’ » [ —
vy ~4_ 2 .
SR§ . 020 5 Maximum opening, (d/c), ..
<
S g o 016 — L
£5% ' - -
Y
 OF olz 7
S ., 5
3% 008 Forward edge
Q T@?‘
0 2 4 6 8 10

Spanwise station, Zy/b

Figure 8.— Chordwise extent of porous surface ot wing leading edge for several
spanwise extents of area suction.

2
>
:
5
3
2




NACA RM AS3E06 SR T
1O 2ysb  te .252y/b

1.0
.8
.6
4
.2
% / 2 3 4 5
< .25 2y/b to .55 2y/b
< [0
© 8
< 6
o .4
- .2 —
e O
® o / 2 3 4 5
x
A
< 55 2y/b to .80 Lysb
~ 1.0 - ; L4
Y-
- .6
S 4
Q : -
2
i '0— /
7] / 2 3 4 5
B0 2y/b to .96 2y/b
1.0
8
.6
.4 —
'02 | IELI
o / 2 3 4 5

Wool felf length, |, inches

Figure 9 .— Thickness variations of the felt backing used in
the wing.



18
- .
,.6 - : b"'@’
/4 é ; =
V//'r --x P
; ==
12 - N ~= L EE &
I. A /[ ON & FEY] o 2
-~ -1 K~
10 < -~ A - s )
ST AANY 7
it
s 8 { / 12l / r:’ /¢
:§ . g ' F; :
5 i < ) /| Leading-eq PR 7}
B-GJJ. 7 g 7 confipueation (1atte I} hap suction ¢ 1F
t y | / 7 ~~—=A, F-86A (Ref2) 0° __ _ 7
-: 4 — A, F-8B6A (Raf £) 38° —_— .
h - P I —o— 8, porous-twed  55° no suchion J
6 —@— B, powus-faped  70° no suchon s
2 | JL £ /] -0+ 8, poous-loped - £5* swhon | /P
di 9% SR G | <
] 4 ; ) —ﬁ
pHERIN / ANEREREEEEREY: L1
2] J .2__ 3 4 5 M 0 -04 -08 -/2 -I6 -20
Drag cogfficient, Cp Pitching - moment cosfficient, Cm

-8 -4 /) 4 & 2 1 20
Angle of affock, a, deg

(a) Horizontal tail on.

Figure [0.— Aerodynamic characferistics of the 35° swept-back wing with the suction flap de-
flected 55° and 70° with and without suction.

90EESY WH VOVN




CL

Lift coefficient,

L8
1.6
A At
14 8 \ E,;{ \ D4 -F
A
I g A1 VP [ Nge e
. ' 7 ° St
10} =t A = —
7] 7 AEEAENEE
B ¥y, r[ - ;_'/ '/ |
[1] A |/ K !
6 / /l / // /j I
] } /ﬂ /Id 4 *I
4l )% J/ / |
: / Fi
=T ' Y confomonin bt m) suon b S
2 [ e —— A, F-864 (ref 2) 0" —
A —o— B, porous-taped  B5° no suchon NxEA
( -—0— B, porous-foped  56°  suclion \, B
00 / 2 3 4 05 04 0 =04 08 <2 =I6

Drag cosfficient, Cp
-4 0 4 8 12 I 20 24
Angle of atfack, a, deg

(b) Horizontal tail off
Figure 0.~ Concluded.

Pitching - moment coefficient, Cp

QOEEGY W VOVN

64




50

Lift coefficient increment, AC,
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Frgure /l.— Variotion of increment of flap Ift coeffrcient
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flap deflected 55 °,
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